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Nuclear magnetic resonance (NMR) diffusion measurements are widely used to derive 
parameters indirectly related to the microstructure of biological tissues and porous me-
dia1-3. However, a direct imaging of cell or pore shapes and sizes would be of high inter-
est. For a long time, determining pore shapes by NMR diffusion acquisitions seemed im-
possible, because the necessary phase information could not be preserved4,5. Here we 
demonstrate experimentally using the measurement technique which we have recently 
proposed theoretically6 that the shape of arbitrary closed pores can be imaged by diffu-
sion acquisitions, which yield the phase information. For this purpose, we use hyperpo-
larized xenon gas in well-defined geometries. The signal can be collected from the whole 
sample which mainly eliminates the problem of vanishing signal at increasing resolution 
of conventional NMR imaging. This could be used to non-invasively gain structural in-
formation inaccessible so far such as pore or cell shapes, cell density or axon integrity. 
To investigate the structural properties of biological tissues and porous media, mainly the siz-
es and shapes of the cells or pores are of interest and not their positions. Regarding the 
achievable resolution, besides the required gradient strength, the main limiting factor for con-
ventional NMR imaging is the remaining signal-to-noise ratio (SNR). NMR diffusion meas-
urements can overcome this limitation by using the signal from a larger sample volume yield-
ing information averaged over all contained cells or pores3,4,7-9.  
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In NMR diffusion measurements10, to detect the Brownian motion of diffusing spins, the 
static magnetic field 0B  is modified by a field gradient profile )(tG , which depends on the 
time t  and fulfils 0)(
0
 T tdt G  with the total gradient duration T  resulting in the field 
strength )()()( 0 ttBtB xG   for a particle at )(tx . The signal attenuation due to the diffu-
sion weighting gradients is given by  iS exp , where   denotes the average over all 
possible random paths, and   T ttdt0 )()( xG  is the phase accumulated during the ran-
dom walk )(tx  with the gyromagnetic ratio  .  
To gain information about diffusion restrictions, a particularly useful technique is q-space im-
aging4,11,12. Here, two short gradient pulses of duration   are applied at 0t  and  Tt  
with the gradient vectors G  and G . It is assumed that the diffusive motion during   can be 
neglected. Defining the q-value Gq   and the pore space function )(x , which equals 
the reciprocal pore volume inside the pore and zero outside, and assuming that T  is suffi-
ciently long so that the correlations between the starting position )0(1 xx   and the final posi-
tion )(2 Txx   vanish, the signal attenuation becomes  
       211222 )(~)( 1212 qxxxxq xqxqxxq     V iV ii ededeS . [1] 
)(~ q  symbolizes the Fourier transform (FT) of )(x  and V  is the volume where the pore is 
located. Thus, in analogy to diffraction experiments, the magnitude can be observed but the 
inverse FT cannot be performed due to the missing phase information. 
Our approach6, which we demonstrate experimentally here, uses a combination of a long and 
a short gradient pulse (Fig. 1a, gradient shape 1) resulting in the gradient profile 
2121)( GGG t  for 10  t  and 2)( GG t  for Tt 1  with the q-value 
22Gq   and T 21  . 1G  and 2G  are the gradient vectors. Consequently, the signal is 
given by6,13,14 
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CM,1x  and CM,2x  denote the centers of mass of the particle random walks during the gradients 
1G  and 2G . Each of these gradients imprints a phase that a particle resting at CM,1x  or CM,2x  
would acquire. In the long-time limit (long 1 ) CM,1x  of each random walk during the first 
gradient converges to the pore center of mass .CMx  Neglecting the diffusive displacements 
during the short period 2 , CM,2x  converges to the final point 2x  of the random walk and Eq. 
2 becomes  
      qxxq xqxqxqxxq  ~)( CM2CM2CM 22    iV iii eedeeS . [3] 
Thus, the phase information is preserved and the inverse FT can be performed to obtain the 
pore shape. The long gradient results in the factor CMxqie , which shifts the center of mass of 
all pores to a common point, while the short gradient acts as an imaging gradient. Conse-
quently, in a medium with many similar pores, all pores contribute to one reconstructed image 
and an average pore space function can be measured at a higher SNR compared to conven-
tional NMR imaging.  
The actual temporal shape of the gradient pulses is not of essential importance, as long as one 
short and at least one long gradient pulse are present13. This allows using a spin echo se-
quence to compensate for the signal loss due to local field inhomogeneities (Fig. 1a, gradient 
shape 2). To demonstrate the influence of the gradient shape on the measured signal, for the 
experiments presented here, additionally to gradient shape 2, the modified gradient shapes 3 
and 4 were used. 
Experiments were performed using gas filled phantoms containing parallel plates and triangu-
lar shaped pores (Fig. 1b). Using gas diffusion is advantageous for the experimental demon-
stration compared to water diffusion since the diffusion coefficient is several orders of magni-
tude higher (see Methods) and thus the long-time limit can be reached in pores on the milli-
meter scale, which are easy to realize in phantoms. Despite the high diffusion coefficient, the 
maximum gradient amplitude of a clinical MR scanner was sufficient. Due to the low NMR 
signal of thermally polarized gases, hyperpolarized 129Xe gas was used, which was generated 
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by spin exchange optical pumping (SEOP)15-17. For technical reasons15, a mixture of helium, 
nitrogen and xenon gas was used, which was transferred continuously flowing to a pumping 
cell, where it was mixed with rubidium vapor (Fig. 1c). By laser optical pumping, an electron-
spin polarization of the rubidium atoms was achieved, which was transferred to the xenon nu-
clear spins by spin exchange collisions. The hyperpolarized gas was then used for the phan-
tom measurements in the MR scanner.  
Figure 2 shows the signal acquired using one gradient direction (gradient shape 3 in Fig. 1a) 
orthogonal to parallel plates as well as the inverse FT for different durations 1  of the long 
gradients. The measured signal and its FT (dots) are in good agreement with the simulation of 
the diffusion process (sold lines), where the Bloch-Torrey equation was solved numerically 
using a matrix approach5,18. Due to the symmetry of the slits, the imaginary part of the signal 
is zero13,19,20. However, contrary to q-space imaging, the negative signal values allow the re-
construction of the pore space function. For ms,4401   the FT of the oscillating signal 
clearly shows the single-slit function, which comprises the signal of all slits in the phantom. 
Two deviations from the ideal rectangular single-slit function due to the finite gradient dura-
tions can be observed, which were not considered in Eq. 3. The finite 1  causes a blurred 
CM,1x  (Eq. 2) and a finite slope at the edges. Since 2  is not infinitesimal, the edge enhance-
ment effect13,21 can be observed (Fig. 2a, blue arrow): CM,2x  deviates from the trajectory end-
point 2x  and thus the signal is effectively pushed away from the domain edges yielding an in-
creased signal near the boundaries. For shorter 1  (Fig. 2b,c), the distribution of CM,1x  gradu-
ally broadens. Consequently, for ms801  , the signal oscillations and the pore shape infor-
mation are mostly lost, which shows the importance of reaching the long-time limit.  
Figure 3 demonstrates the possibility to image an average pore space function using two dif-
ferent plate distances in a single phantom. The contributions of different pore sizes can be 
clearly observed. The finite gradient durations cause deviations from a superposition of a nar-
row and a wide rectangular function.  
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The measurements of equilateral triangular pores in Fig. 4 exhibit good agreement with the 
simulations. As this domain is not point-symmetric13,20, non-zero imaginary parts can be ob-
served for the vertical gradient direction (arrows). Thus, the full phase information is ob-
tained, which is needed to reconstruct arbitrary pores shapes. The saw-tooth shaped FT in Fig. 
4a corresponds to the expected projection of the pore on the gradient direction. The need to 
use a long-narrow gradient scheme is demonstrated in Fig. 4b,c. If the long-narrow require-
ment is violated, the information about the pore shape is gradually lost. For the horizontal 
gradient direction (Fig. 4d), the signal is real due to the symmetry plane orthogonal to the 
gradient vector. 
In Fig. 5a, pore imaging measurements for the phantom with 170 triangular domains are 
shown. The data were acquired radially with 19 gradient directions and 15 q-values using 
gradient shape 2. The triangle is clearly visible and in very good agreement with the simula-
tions. All pores in the phantom contribute to one average pore image. For shorter 1 , the im-
age is blurred due to the broadening of the CM,1x  distribution; because of the edge enhance-
ment effect, the triangle appears shrunk for prolonged 2 . For comparison, Fig. 5b shows 
pore images measured and simulated for gradient shape 3. A detailed comparison of the influ-
ence of the gradient shapes can be seen in Fig. 5c, resulting in small differences of the meas-
ured signals, which can be reproduced remarkably well by the simulation of the diffusion pro-
cess. Consequently, the gradient shape can be optimized for applications. For example, gradi-
ent shape 3 could be used to reduce imaging artifacts caused by concomitant magnetic 
fields22.  
In conclusion, we have demonstrated experimentally that the proposed new form of diffusion 
based magnetic resonance imaging can reveal the average shape of arbitrary closed pores in a 
volume with many pores, which mainly overcomes the SNR limitation of conventional NMR 
imaging23. Regarding practical applications, namely to image cells, several complications 
would have to be addressed as the high required gradient amplitudes, phase stability, relaxa-
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tion time requirements, permeability and size distributions. Several limitations were discussed 
in detail recently13.  
Diffusion pore imaging is currently a quickly evolving field of research, which is now in the 
stage of first experimental verifications. Very recently, for cylindrical capillaries and the long-
narrow gradient scheme, initial pore images with micron resolution were presented24. A dif-
ferent approach to diffusion pore imaging25, which however requires the pore to be point-
symmetric20, was demonstrated by application to capillaries. For point-symmetric domains, 
pore imaging techniques rely on the sign of )(~ q , but the imaginary part vanishes. Our re-
sults show the possibility to acquire the phase information of )(~ q  and verify experimentally 
that arbitrary non point-symmetric pores can be imaged without relying on assumptions, 
which is desirable for practical applications on the microscopic scale. Besides imaging of po-
rous media such as oil containing rocks or cement, gaining information about cells in biologi-
cal tissues, thus e.g. retrieving parameters usually derived from histology as tumor cellularity 
or axon integrity could be an eventual aim.  
 
Methods 
Experimental setup 
To generate the hyperpolarized gas, a mixture containing 0.95 % xenon gas and the buffer 
gases helium and nitrogen was used. The xenon gas contained the NMR visible isotope 129Xe 
)21( I  in natural abundance. In the optical pumping cell placed in an external magnetic 
field ,HB  rubidium vapor was generated by external heating (Fig. 1c). Circularly polarized 
laser light was provided by a Coherent FAP Duo Laser (60 W, 795 nm) in combination with a 
polarizing beam splitter and quarter wave plates and was used to selectively populate an elec-
tron-spin state15. The gas mixture was polarized continuously flowing through the pumping 
cell at 2 bar absolute pressure, which was reduced to atmospheric pressure by a nonmagnetic 
valve after passing through the cell. The gas was transferred at a small constant flow (ap-
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proximately 100 ml/min) to the phantom in the clinical MR scanner (Siemens Avanto, 1.5 T 
static magnetic field, mmT40  maximum gradient strength). The flow was directed or-
thogonally to the gradient directions and thus did not influence the diffusion weighted NMR 
signal, which was additionally verified by varying the flow rate. The time between two 90° 
pulses was s20  so that a considerable amount of polarization was restored due to the gas re-
placement. 
The phantoms built of acrylic glass were orientated such that the plates and the axes of the tri-
angular cutouts were parallel to the static magnetic field in the MR scanner. Slice selective 
excitation (slice thickness cm4 ) and refocusing pulses located in the plate or triangle area 
were employed. The diffusion weighted signal was normalized to the signal intensity acquired 
immediately after the excitation pulse to account for polarization fluctuations. The free diffu-
sion coefficient at room temperature needed for the simulations of the diffusion process was 
estimated to msµm)200037000( 20 D  using a conventional diffusion weighted meas-
urement sequence in a phantom without barriers. For comparison, the diffusion coefficient is 
approximately msµm6000 2  for pure xenon gas and msµm2 2  for free water. 
Simulations 
For the simulation of the diffusion process, analytically calculated eigenfunctions and eigen-
values of the Laplace operator with the respective boundary conditions5,13 of the domains 
were employed to calculate the diffusion weighted signal for the considered gradient shapes. 
This matrix approach, which was implemented in Matlab (MathWorks), allows a more accu-
rate and efficient approximate solution of the Bloch-Torrey equation than Monte Carlo simu-
lations5. The above mentioned value 0D  and 50 eigenvalues were used.  
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Schematic representation of the diffusion weighting gradient profiles and of the experi-
mental setup. a, The long-narrow gradient scheme (shape 1) uses a long diffusion weighting 
gradient to generate a phase proportional to the pore center of mass and a short imaging gra-
dient. Additionally to the 90° excitation pulse, a 180° refocusing pulse (duration 2.6 ms) can 
be used to realize a spin-echo sequence (shape 2). The gradient timing can be modified 
(shapes 3,4). Shapes 2-4 were used for the experiments. b, Phantoms: parallel plates (dis-
tance: 1 mm, 3 mm, 5 mm) and pores with triangular cross-section (equilateral, edge length 
3.4 mm). c, Generation of hyperpolarized xenon gas by spin exchange optical pumping. 
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Figure 2 
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Measurement results for parallel plates for different durations 1 of the long gradient. 
The measured signals (dots, left) are in good agreement with the simulation (solid line) of the 
diffusion process for the parallel plate phantom (distance 3 mm, 10 slits, ms,72   free dif-
fusion coefficient ,msµm00037 20 D  gradient shape 3). The absolute value of the FT of 
the signal on the right side clearly shows the single-slit function (averaged over all slits) for 
the longest diffusion time (a, ms4401  ). The edge enhancement effect is clearly visible 
(blue arrow). For shorter diffusion times, the information about the pore shape slowly disap-
pears (b,c).  
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Figure 3 
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Combination of different plate distances in one phantom yielding an average pore shape. 
The measured and simulated absolute values of the FT for a phantom with different plate dis-
tances (six 5-mm slits and two 1-mm slits) both show a superposition of the two pore shapes 
( ms,4401  ms,2.52   gradient shape 3, maximum q-value -1max mm15q ). Small dif-
ferences between measurement and simulation regarding the contributions of the two different 
pore sizes can be attributed to variations of the gas polarization in the two regions. 
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Figure 4 
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Measurement results for the equilateral triangular pore shape for single gradient direc-
tions. a, For the vertical gradient direction (arrow), a complex signal arises since there is no 
mirror plane orthogonal to the gradient direction. The absolute value of the FT of the signal 
(right side) yields the projection of the pore shape on the gradient direction. b, A relatively 
short first gradient or, c, a long second gradient suppresses the oscillations and the pore shape 
is lost, because the preconditions of Eq. 3 are not met. d, For the horizontal gradient direction, 
the FT again yields the projection of the pore shape (Parameters: edge length mm4.3L  
gradient shape 3, 10 plates each with 17 triangular cutouts). 
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Figure 5 
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Pore imaging results for triangular domains. a, Measurements and simulations for differ-
ent diffusion times and durations of the short gradient for gradient shape 2 (radial acquisitions 
with 15 q-values for each of the 19 directions, -1max mm15q , edge length mm 4.3L ). All 
triangular pores in the phantom contribute to one image and thus the SNR limitation of con-
ventional NMR imaging is lifted. b, Pore images can also be acquired using gradient shape 3. 
c, The choice of the gradient shape has a small influence on the signal, which can be repro-
duced by the simulations.
 
